ABSTRACT Mouse L cells were transformed with a cloned 3.6-kilobase (kb) segment of Drosophila melanogaster DNA carrying the 2.25-kb transcribed sequence for the Drosophila 70,000-dalton heat shock protein (hsp70) and 1.1 kb and 0.2 kb of 5' and 3' flanking DNA, respectively. Heat shock of one of three such transformed cell lines containing multiple copies ofthe intact Drosophila segment induced the abundant accumulation oftranscripts of the Drosophila gene, with correct or nearly correct 5' and 3' termini. This provides evidence, in accord with earlier indications, that diverse eukaryotes, including vertebrates, have heat shock systems similar to that studied extensively in Drosophila. Our results suggest that the signals for heat shock transcription and the chromosomal sites with which they interact have been highly conserved in evolution and that the regulatory sequences controlling transcription ofthe gene for hsp70 lie within the 3.6-kb Drosophila segment.
Heat shock and certain other treatments induce in a wide variety ofspecies the vigorous synthesis ofa small number ofcharacteristic proteins. The response has been studied extensively in Drosophila melanogaster, in which heat shock of intact animals or cultured cells induces transcription of genes for seven major proteins, while most other transcription ceases or is reduced. A corresponding shift occurs in the specificity ofprotein synthesis; non-heat-shock mRNA persists but is translated with greatly reduced efficiency. If the elevated temperature is not too high, or if the initial low temperature is restored, the heat shock response eventually subsides, and normal transcription and translation resume [reviewed by Ashburner and Bonner (1) ]. The function of the heat shock response is not known, but its specificity and coordination and the occurrence of an apparently similar response in diverse organisms suggest that it is adaptive, preventing or counteracting deleterious effects of the inducing treatment. In accord with this view, a mild heat shock, sufficient to induce the heat shock proteins, protects Drosophila against a subsequent, more severe heat treatment, which by itself would cause developmental abnormalities and death (2) .
Heat shock induces transcription-dependent synthesis of specific proteins not only in Drosophila but also in other eukaryotes, including vertebrates (3) (4) (5) (6) . Heat shock proteins of vertebrates and of Drosophila are also induced by arsenite and certain other agents (7) . These indications offunctional and perhaps structural homology between the heat shock systems of widely divergent species led us to ask whether a heat shock gene in a defined Drosophila DNA segment introduced into a vertebrate cell can be faithfully transcribed and regulated under heat shock control. A study of this question is made possible by the availability of cloned Drosophila heat shock genes and by the development of techniques for transforming tissue culture cells with heterologous DNA [reviewed by Pellicer et al. (8) ].
We transformed mouse fibroblasts with a cloned 3.6-kilobase (kb) DNA segment containing the transcribed mRNA sequence for the 70,000-dalton D. melanogaster heat shock protein (hsp7O). We find that increasing the temperature of a transformed line containing about 20 copies per cell of the intact Drosophila segment strongly induces the accumulation oftranscripts ofthe Drosophila gene with the same or nearly the same 5' and 3' termini as the authentic Drosophila mRNA. This suggests that the heat shock transcriptional control signals and the sites with which they interact have been highly conserved in evolution and that the regulatory sequences for transcription ofthe gene for hsp70 lie within the 3.6-kb Drosophila segment.
MATERIALS AND METHODS
The mouse Ltk-cell line, the cloned herpes simplex thymidine kinase (tk) gene (phenotype tk+), and the procedure for cotransformation have been described (9-11), as have methods for isolation of plasmid DNA, restriction analysis, and preparation of whole-cell RNA from Drosophila embryos (12, 13) . D. melanogaster (Oregon R) embryos were grown for [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] hr at 25°C and heat shocked for 1 hr at 36°C. The plasmid pPW229, referred to here as 229, is described by Livak et aL (12) . DNA and poly A-containing cytoplasmic RNA were prepared from mouse cells by the method of Wold et aL (14) . RNA was electrophoresed in a 0.8% agarose gel containing formaldehyde (15) and transferred to nitrocellulose paper (16) 7. Transfer to nitrocellulose paper, hybridization, washing, and autoradiography were done as described (16) . Analysis of DNA protected against endonuclease S1 by hybridization with RNA was done as described by Holmgren et aL (17) , except that the protected region of the 2.1-kb Bgl I-Pst I fragment of229was electrophoresed on a 6% acrylamide/ urea gel. The Fig.  1; ref. 12 ). The Drosophila segment of 229, approximately 3.6 kb in length, is inserted through A-T joints at the EcoRI site of pMB9. The portion of 229 whose sequence has been determined (unpublished data), approximately 400 base pairs centered on the mRNA initiation site, is identical to the corresponding region ofthe hsp70 genes from 87C, whose sequence has been published by Ingolia et aL (18) and by Karch et aL (19) .
Earlier work has shown that cells transformed by a selectable marker DNA are efficiently cotransformed with nonselected, physically unlinked DNA present in the transformation mixture (20) . We used the herpes simplex tk gene cloned in pBR322 as a selectable marker for cotransformation of mouse tk-fibroblasts by plasmid 229 DNA. A calcium phosphate precipitate terin/thymidine medium to select for tk' transformants, 8 of the approximately 20 colonies that appeared were picked, grown into mass cultures, and tested for the presence of the Drosophila hsp70 gene. DNA extracted from each culture was digested with Xho I or Bgl II, electrophoresed on agarose gels, transferred to nitrocellulose paper, and hybridized with 32P-labeled 229 DNA. The 2.6-kb Xho I fragment and the 3.4-kb Bgl II fragment, both ofwhich are internal to the 3.6--kb Drosophila segment of plasmid 229, are present in five of the eight tk' cell lines (Fig.  2) . These are designated hs 1-hs 5. Comparison with the autoradiographic intensity of the corresponding fragments given by digestion of a known amount of 229 DNA showed the presence of approximately 20 copies of the intact Drosophila segment per diploid quantity of mouse DNA in hs 4 and lesser amounts in hs 1, 2, 3, and 5, with probably only one copy in hs 2. Xho I fragments homologous to 229 were seen also in hs 6, but there was no band at 2.6 kb. The restriction patterns were stable for more than 100 generations of propagation in hypoxanthine/aminopterin/thymidine medium. It should be noted that DNA from all ofthe lines, including the parental Ltk-line, gave Bgl II restriction fragments homologous to 229, indicating homology between certain mouse sequences and the Drosophila hsp70 gene.
Induction ofa Drosophila Heat Shock Gene in Mouse Cells. Although conditions for optimal heat shock induction of mouse L cells have not been determined, we employed conditions similar to those found by Kelly and Schlesinger (3) to induce heat shock proteins in such cells. Plate cultures of cell lines hs 1, hs 4, hs 5, and the untransformed tk-line were trypsinized, allowed to adapt to suspension for 2 hr at 37C, and divided into two equal portions. One was kept at 45°C for 5 min while the other served as a non-heat-shock control. After an additional 90 min at 37°C, cytoplasmic poly A-containing RNA from each of the eight cultures was electrophoresed in a formaldehyde-con- Fig. 3 . Total RNA from heat-shocked D. melanogaster embryos, run as a standard in the same gel, gave a single band corresponding to the 2.5-kb poly A-containing hsp70 mRNA (17) . Long exposure revealed in all mouse cell lines, whether heat-shocked or not, a component homologous to 229 migrating a little ahead of the Drosophila hsp70 mRNA (Fig. 3 Lower) .
The accumulation of RNA homologous to plasmid 229 was strongly induced by heat shock in cell line hs 4. The principal component of this RNA migrated indistinguishably from the authentic 2.5-kb Drosophila heat shock mRNA. Three additional components of lesser mobility were also present, with sizes estimated as approximately 3.2, 3.7, and 4.7 kb. None of the four components was seen without heat shock. Another transformed line containing the Drosophila gene, hs 1, accumulated a 3.2-kb component in response to heat shock and perhaps a 2.5-kb component as well, in quantities near the limit of detection. In the third cell line, hs 5, no transcripts of the Drosophila gene were detected with or without heat shock.
Hybridization of the nitrocellulose filter of Fig. 4 with 32p-labeled cloned mouse dihydrofolate reductase cDNA showed no increase in dihydrofolate reductase mRNA after heat shock (data not shown). Therefore, the rapid accumulation of hsp70 mRNA observed after heat shock in line hs 4 appears not to be a general response of expressed genes in mouse L cells.
A rough estimate can be made ofthe amount ofhsp70 mRNA induced in heat-shocked hs 4 mately 0.2 ,g of DNA, which corresponds to 6 x 105 diploid genomes (21, 22) . Therefore the nearly equal intensity of the respective 2.5-kb bands in Fig. 4 indicates that the heat-shocked mouse hs 4 line contains about one-eighth as many molecules of hsp70 mRNA per cell as are present per diploid genome in the embryos from which the Drosophila heat shock RNA was prepared. This number is =6000 (R. Freund, personal communication), giving an estimate of 800 molecules of Drosophila hsp70 mRNA per heat shocked mouse cell.
5' and 3' Termini ofInduced Transcripts. The termini ofthe hsp70 transcripts induced in the transformed mouse line hs 4 were compared to those of transcripts from Drosophila itselfby means of nuclease S1 protection analysis. Plasmid 229 was cut with BamHI, dividing it into two fragments containing the 5' and 3' regions ofthe hsp70 gene, respectively. These were separated electrophoretically, annealed with the appropriate RNA, digested with nuclease S1, electrophoresed on an alkaline agarose gel, transferred to nitrocellulose, and hybridized with 32p-labeled 229. In agreement with the known distances from the BamHI site to the ends ofthe 2.25-kb transcribed region, RNA from heat-shocked Drosophila embryos protected 1.25 kb ofthe 5' BamHI fragmentand 1.0kbofthe3' fragment (Fig. 4) . Lesser quantities of smaller protected fragments were also evident, corresponding to protection by mRNA transcribed from the somewhat divergent hsp70 genes at heat shock locus 87A (17) .
RNA from heat-shocked mouse hs 4 cells protected 5' and 3' fragments having the same mobility as the principal fragments protected by RNA obtained from heat-shocked Drosophila (Fig. 4) The results of restriction analysis of the 'transforming DNA in the various lines make it unlikely that the different responses to heat shock are due to loss ofany substantial portion ofthe Drosophila segment, although the possibility of more subtle sequence alterations is not ruled out. Alternatively, the different responses to heat shock may reflect differences in the pattern of DNA methylation or in the environment of the transforming Drosophila segment, either within the transforming concatenate, or in the location of the Drosophila genes within the L-cell genome (11, 24) .
Induction of specific mRNAs has been observed in mouse cells transformed with several other genes. Mouse mammary tumor, rat a2u globulin and human growth hormone genes have been introduced into Ltk-cells by cotransformation. In each case, cell lines have been obtained in which accumulation of specific mRNA is induced in response to the glucocorticoid hormone analogue dexamethasone (refs. 26-28; unpublished data). It is not certain that the induction of mRNA accumulation in the transformed cells by the administration ofdexamethasone or by heat shock results from control at the level oftranscription. However, the induction of hsp70 mRNA by heat shock in Drosophila is accompanied by striking and almost immediate induction of puffs, incorporation of RNA precursors, and accumulation of RNA polymerase II at the chromosomal heat shock loci (1). Therefore, it seems very likely that the heat shock control of hsp70 mRNA we observe in the transformed mouse cells occurs at the nuclear level and results from the induction of transcription.
The simplest interpretation of our results is that the heat shock regulatory signals and the chromosomal sites with which they interact have been highly conserved in evolution and that the regulatory sequences controlling transcription of the hsp70 gene lie on the 3.6-kb Drosophila segment of 229. However, we cannot exclude the alternate possibility that the Drosophila gene is integrated in a manner placing it under the control of mouse heat shock regulatory sequences.
Conservation ofheat shock regulatory sequences in evolution may have been favored by the existence ofseveral essential heat shock genes, each interacting, for example, with a common regulatory protein. Regulatory sequences common to such a gene family should diverge more slowly than a sequence controlling only one gene, due to epistatic interactions between them and the regulatory protein. A different possibility that could also impose great evolutionary stability is that heat shock genes are controlled autonomously, directly sensing some change in chromatin structure or metabolism caused by the inducing stress. In that case, evolution of heat shock control sequences would be constrained by the conservation ofthe structure ofchromatin itself. In any event, the ability to obtain heat shock control of a Drosophila gene introduced by transformation into mouse cells makes possible further experiments to locate and characterize sequences involved in heat shock regulation.
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